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Background
High-energy (MeV) ion implantation is now being rapidly introduced into integrated 
circuit manufacturing because it promises process simplification and improved device 
performance. However, high-energy implantation introduces an imbalance of excess 
vacancies and vacancy-cluster defects in the near-surface region of a silicon crystal. 
These defects interact with dopants affecting diffusion and electrical activation during 
subsequent processing.
Research Objective
The objective of this project was to develop sufficient understanding of the physical 
mechanisms underlying the evolution of these defects and interactions with dopant atoms 
to enable accurate prediction and control of dopant diffusion and defect configurations 
during processing. This project supported the DOE mission in science and technology by 
extending ongoing Basic Energy Sciences programs in ion-solid physics and x-ray 
scattering at ORNL into new areas. It also strengthened the national capability for 
advanced processing of electronic materials, an enabling technology for DOE programs 
in energy conversion, use, and defense. 
Results
A systematic method to generate large, controllable, and spatially-isolated vacancy 
concentrations in silicon was developed using high-energy implantation. This method 
permitted unprecedented flexibility and sensitivity in experiments designed to measure 
interactions involving vacancies and vacancy-clusters. The evolution of vacancy profiles 
during thermal treatments was monitored using two new methods developed by the 
CRADA team. These methods were:
(a) measurement of vacancy cluster depth-profiles by labeling the clusters with gold 
atoms, and 
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(b) measurement of x-ray diffuse scattering profiles in cross-section using a 
submicron x-ray beam at the Advanced Photon Source. 
The list of CRADA accomplishments includes the following:  
1. measurements of the number of excess vacancies produced per ion implanted as a 
function of ion mass and comparison of this number to simulation; 
2. determination of the binding energy of vacancies to vacancy clusters in silicon;  
3. enhanced electrical activation of certain dopants; and
4. observation of a new peak in the vacancy profile near the oxide-silicon interface 
following high-energy implantation into silicon-on-insulator substrates.
These findings were reported in journal publications and conference presentations. In 
addition, one patent filing resulted from finding C above. A complete list of publications 
follows below. Summary publications 1-4 listed below correspond respectively to each of 
the above accomplishments. Copies of these summary publications are included as 
attachments to this report.  
DOCUMENTATION OF CRADA ACCOMPLISHMENTS 
Patents (copy of cover page attached)
US Patent No. 6,632,728 – H.-J. L. Gossmann, T. E. Haynes, R. Kalyanaraman, L. Pelaz, 
C. S. Rafferty, and  V. C. Venezia, "Increasing the electrical activation of ion-implanted 
dopants," assigned to CRADA Partner, Agere Systems Inc.  (Allentown, PA); application 
filed July 16, 2001; patent issued October 14, 2003. 
Summary Publications in Refereed Journals (copies attached)
1. R. Kalyanaraman, T. E. Haynes, V. C. Venezia, D. C. Jacobson, H.-J. Gossmann, and 
C. S. Rafferty, "Quantification of excess vacancy defects from high-energy ion 
implantation in Si by Au labeling," Appl. Phys. Lett. 76, 3379 (2000). 
2. R. Kalyanaraman, T. E. Haynes, O. W. Holland, H.-J. Gossmann, C. S. Rafferty, and  
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ion implantation," Appl. Phys. Lett. 79,1983 (2001). 
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Phys. Lett. 82, 215 (2003). 
4. R. Kalyanaraman, T. E. Haynes, O. W. Holland, and G. H. Gilmer, "Character of 
defects at an ion-irradiated buried thin-film interface," J. Appl. Phys. 91, 6325 (2002). 
Date of Report: 11/11/2008 
3
Additional Publications (reprints available upon request)
Refereed Journal Articles 
5. V. C. Venezia, D. J. Eaglesham, T. E. Haynes, A. Agarwal, D. C. Jacobson, H.-J. 
Gossmann, and F. H. Baumann, “Depth profiling of vacancy clusters in MeV-
implanted Si using Au labeling,” Appl. Phys. Lett. 73, 2980 (1998). 
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Quantification of excess vacancy defects from high-energy ion
implantation in Si by Au labeling
R. Kalyanaramana) and T. E. Haynes
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831
V. C. Venezia, D. C. Jacobson, H.-J. Gossmann, and C. S. Rafferty
Bell Laboratories, Lucent Technologies, Murray Hill, New Jersey 07974
Received 13 March 2000; accepted for publication 12 April 2000
It has been shown recently that Au labeling V. C. Venezia, D. J. Eaglesham, T. E. Haynes, A.
Agarwal, D. C. Jacobson, H.-J. Gossmann, and F. H. Baumann, Appl. Phys. Lett. 73, 2980 1998
can be used to profile vacancy-type defects located near half the projected range ( 12 Rp) in
MeV-implanted Si. In this letter, we have determined the ratio of vacancies annihilated to Au atoms
trapped calibration factor ‘‘k’’ for the Au-labeling technique. The calibration experiment consisted
of three steps: 1 a 2 MeV Si implant into Si100 followed by annealing at 815 °C to form stable
excess vacancy defects; 2 controlled injection of interstitials in the 12 Rp region of the above
implant via 600 keV Si ions followed by annealing to dissolve the 311 defects; and 3 Au
labeling. The reduction in Au concentration in the near-surface region 0.1–1.6 m with increasing
interstitial injection provides the most direct evidence so far that Au labeling detects the
vacancy-type defects. By correlating this reduction in Au with the known number of interstitials
injected, it was determined that k1.20.2 vacancies per trapped Au atom. © 2000 American
Institute of Physics. S0003-69510000723-3
Renewed interest in the use of high-energy ion implan-
tation HEI in Si as a cost-effective device processing step1,2
has created a serious need to understand defects resulting
from such implants. In particular, the higher average forward
momentum of recoiled atoms produced in the collision cas-
cades results in an excess of vacancy-type defects in the
shallow part of the implant profile.3 While interstitial-type
defects at the projected range (Rp) of the implants in Si have
been well studied,4 much less is known about defects in the
near-surface region of these implants. The reason for this is
primarily due to the inability of current techniques to reliably
detect or quantify vacancy-type defects. In this work, we
show that it is possible to not only detect but also quantify
vacancy-type defects in Si using the Au-labeling technique
previously described by Venezia and co-workers.5 Con-
trolled vacancy removal and counting was achieved in a
three-step experiment. First, stable vacancy-type defects
were formed by a 2 MeV Si implant and anneal.5 Second,
controlled vacancy removal was achieved by medium-energy
(600 keV) Si implants of various doses followed by a sec-
ond anneal I implant and anneal. The third and final step
was to measure the change in vacancy concentration by satu-
rating the Au in the 12 Rp region by Au labeling. The vacancy
removal results in less Au being trapped afterward. Correla-
tion of the concentration of trapped Au with the number of
vacancies removed provides a measurement of the calibra-
tion factor k, which is the ratio of vacancies annihilated to
Au atoms trapped in the Au-labeled profiles. This determi-
nation of k allows unambiguous, quantitative measurement
of the vacancy concentrations produced by high-energy im-
plantation in Si.
In 1996, Holland and co-workers6 showed from trans-
mission electron microscopy TEM studies that extended
vacancy-type defects form in the near-surface region for ex-
tremely high-dose implants. Other groups extended this find-
ing of vacancy-type defects to more moderate implantation
doses via x-ray diffraction strain measurements7 and positron
annihilation spectroscopy PAS S-parameter measure-
ments.8 These findings suggest that precursors to the large
open-volume defects of the Holland et al. work6 are the free
vacancies resulting from the displacement of interstitials
with respect to vacancies occurring in heavy-ion and/or high-
energy implants. Presently, techniques like PAS, x-ray strain
measurements, and TEM are capable of detecting vacancy-
type defects, but cannot accurately quantify the concentra-
tion of vacancies present. While TEM is capable of quanti-
tative measurements of open-volume defects of large sizes,
small vacancy clusters are difficult to detect. More recently,
cross-section x-ray diffuse scattering9 has been used to make
a quantitative estimate of excess vacancy-type defects from a
10 MeV Si self-implant. While it is, in principle, possible to
deconvolute the defect size and concentration by diffuse
scattering, this has not yet been accomplished for HEI in the
energy range of interest. Recently, Venezia et al.5 used get-
tering of Au atoms to obtain depth profiles of the defects in
the 12 Rp region of MeV self-implants in Si. The motivation
for using Au was based on two principal factors: a the
kick-out mechanism10 that controls diffusion of Au in Si im-
plies that Au will be trapped in the vicinity of interstitial
sinks, including vacancy-type defects, and b the good sen-
sitivity of Rutherford backscattering RBS to detect Au in
Si. In this work, we establish the quantitative capability of
this technique to profile the concentration of vacancies in the
near-surface region formed by a 2 MeV self-implant in Si.aElectronic mail: ramkik@lucent.com
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P-type float-zone Si100 (	65– 80 
 cm wafers were
first implanted with 2 MeV Si(Rp2 m) with a dose of 1
1016 cm2 at an angle of 7° from the surface-normal direc-
tion using a 1.7 MeV National Electrostatics tandem Pel-
letron. The substrate temperature during the implant was
maintained at 70–80 °C, while the chamber pressure was be-
tween 2 and 5106 Torr. The implanted samples were then
furnace annealed at 815 °C for 20 min henceforth, referred
to as the HEI sample in 1 atm of argon. After this anneal,
interstitial injection was carried out by implanting 600 keV
Si ions at doses from 51013 to 201013 cm2 followed
by an 765 °C, 20 min anneal in flowing Ar. The projected
range of this implant is 0.9 m from SRIM-2000 Ref. 11,
which puts it almost at 12 Rp of the 2 MeV Si implant. The
dose range for the I implant was chosen to stay below the
threshold dose for forming dislocation loops in order to en-
sure that any clusters or extended defects containing intersti-
tials would be completely dissolved in the 765 °C anneal.
Finally, the Au labeling was carried out by implanting Au at
68 keV Rp0.03m) and 81014 cm2 dose in the HEI
samples and the HEII samples. The implanted Au was
diffused in at 750 °C in 1 atm of argon for times up to 30 h.
The Au concentration profiles were then measured by RBS
in random geometry, using 2.8 MeV 4He2 at an incident
angle of 22° relative to the surface-normal direction with the
detector at 170° from the incident ion direction.
Figure 1a shows typical RBS profiles of Au in the
near-surface region of the HEI samples for different Au in-
diffusion times. Besides the Au-implant peak at the surface,
a broad peak appears in the 12 Rp region around 0.5–1.6
m as well as a narrower ‘‘shoulder’’ 12 peak near 0.2. As
the data show, there is a substantial increase in Au at both
the shoulder and 12 Rp in going from 2 to 20 h of Au drive-in
time, indicating that the Au concentration takes considerable
time to saturate for a HEI dose of 11016 cm2. With re-
spect to the earlier qualitative work by Venezia et al.,5 accu-
rate quantification of this technique required that the Au and
vacancy-type defect interaction be taken to completion. The
saturation characteristics of the Au profiles in the 12 Rp region
0.5–1.6 m for the HEI sample and with various I doses
are plotted as a function of time in Fig. 1b. The smooth
curves in Fig. 1b are exponential fits of the type C
C0(1et/), where C0 and  are the saturated Au con-
centration and saturation time constant, respectively. Based
on the experimental data and fits, a standard drive-in time of
20 h at 750 °C was considered sufficient to saturate all the
samples.
Figure 2a compares RBS results after 20 h Au drive-in
for the HEI and HEII I91013 and 201013 cm2
samples. The most important features in Fig. 2a are: a the
reduction of the amount of trapped Au in the region between
0.5 and 1.3 m, indicating that interstitials do react with the
vacancies; b the Au concentration in the shoulder is almost
constant as a function of the I dose; and c the back edge
of the profiles at 1.3–1.6 m match up for all the doses.
Features b and c indicate that there is no interstitial–
vacancy reaction taking place either shallower than 0.5 m
or deeper than 1.3 m, demonstrating that the I interstitials
do not escape from the 0.5–1.3 m region of the excess
vacancy profile. These features are seen quantitatively in Fig.
2b, which plots the dependence of the integrated Au con-
centrations on I for the shoulder, 12 Rp , and back edge after
20 h of Au drive-in. The relatively small change in the shoul-
der and back edge over the whole I dose range studied
indicates that the interstitialvacancy interaction is confined
to the 12 Rp region.
To obtain k, the slope of the change in Au concentration
FIG. 1. a RBS profiles of Au concentration in the HEl sample for various
Au drive-in times. b Au concentration at 12 Rp (0.5– 1.6 m) vs drive-in
time. Smooth curves are fits of type C0(1expt/). Error bars are 20%. FIG. 2. a RBS profiles of Au concentration after 20 h drive-in for various
1 doses. b Au concentration vs I dose. Error bars on back-edge and
shoulder data are 1 and those on 12 Rp are 10%.
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at 12 Rp with respect to the injected I interstitial dose was
obtained from Fig. 2b. The slope for the 12 Rp Au is 0.85
15% for the 20 h Au drive-in samples, while the slope
obtained by using the saturated Au concentrations from the
fits of the time dependence Fig. 1b is 0.80. The close
agreement between the two numbers confirms that 20 h does
give the saturated value. More importantly, the slope indi-
cates that approximately 1.20.2 interstitials are required to
decrease the Au concentration by 1 atom. Under the assump-
tions that 1 interstitial consumes 1 vacancy and that Au re-
acts with all the vacancy-type defects,13 this indicates that k
is approximately 1.20.2 vacancies for every trapped Au
atom.
The validity of the obtained factor was supported by
additional experiments, as follows. a Cross-section TEM
comparison of I implants in the HEI sample and in bare
wafers typically showed that, while no defects appeared in
the HEI sample, 311-type defects were observed for the I
dose, indicating that vacancies from the HEI suppress ex-
tended interstitial-type defect formation; b the 12 Rp of the
600 keV implants in bare Si wafers did not getter Au; and c
loop detectors14 placed at the surface confirmed that no frac-
tion of the I implant was lost to the surface.
From Fig. 1a, the concentration of Au at 12 Rp 3
1018 cm3 is seen to greatly exceed the solubility of Au at
750 °C 21014 cm3.15 Cross-section TEM was carried
out on the HEI sample after 20 h of drive-in to determine the
state of Au. The sample showed a distribution of precipitates
of 3–15 nm in size consisting of fcc Au determined by
selected area diffraction. Additionally, no extended intersti-
tial defects, usually observed in the case of Au–silicide
precipitation16 were observed. While these results suggest
that metallic Au precipitates form as a result of interaction
with the vacancies, the exact mechanism is still unclear. Ad-
ditional features of the Au profile in Fig. 1a, are the dips in
Au concentration between 0.3 and 0.5 m, and the appear-
ance of Au in the shoulder. In a simplistic approach, the dip
may be explained by loss of vacancies to the surface during
the anneal step after the HEI. Preliminary results on the ap-
pearance of the shoulder suggest that it may be related to
knock-on implantation of surface impurities during the
HEI.12
The fact that k is so close to 1 indicates that Au capture
is more likely a space filling of the MeV-implant related
vacancy clusters. This is in contrast to the observations of
Follstaedt et al.,17 who found that the Au concentration satu-
rates when 1 ML of Au coats the walls of He-induced voids
in Si. However, significant differences between the present
experiments and those of Follstaedt, chiefly the sizes of the
voids and the drive-in conditions, may account for the dif-
ferent observations. Currently, work is underway to deter-
mine the capture mechanism for Au by MeV-implant related
vacancy clusters, especially to distinguish between mecha-
nisms of kick-in and direct capture of Au at vacancy clusters.
Nevertheless, independent of the mechanism, the Au-
labeling technique provides a simple and effective tool to
detect and count excess vacancies. The detection of vacan-
cies by this technique will be limited only by the ability to
detect Au in Si, while the lowest measurable vacancy con-
centration will be set by the solubility of Au in Si at the
drive-in temperature. Subject to this, there appears no appar-
ent impediment to extending this technique to measure va-
cancies produced in Si by other means.
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Binding energy of vacancies to clusters formed in Si by high-energy
ion implantation
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Agere Systems, Murray Hill, New Jersey 07974
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Received 8 May 2001; accepted for publication 23 July 2001
Measurements of the binding energy (Eb) of vacancies to vacancy clusters formed in silicon
following high-energy ion implantation are reported. Vacancy clusters were created by 2 MeV, 2
1015 cm2 dose Si implant and annealing. To prevent recombination of the excess vacancies
(Vex) with interstitials from the implant damage near the projected range (Rp), a Si-on-insulator
substrate was used such that the Rp damage was separated from the Vex by the buried oxide BOX.
Two Vex regions were observed: one in the middle of the top Si layer (V1ex) and the other at the front
Si/BOX interface (V2ex). The rates of vacancy evaporation were directly measured by Au labeling
following thermal treatments at temperatures between 800 and 900 °C for times ranging from 600
to 1800 s. The rate of vacancy evaporation from V2
ex was observed to be greater than from V1
ex
. The
binding energy of vacancies to clusters in the middle of the silicon top layer was 3.20.2 eV as
determined from the kinetics for vacancy evaporation. © 2001 American Institute of Physics.
DOI: 10.1063/1.1405814
Techniques have recently been developed to generate
large vacancy supersaturations1 in silicon by high-energy
implantation2 HEI, to isolate these vacancies from the as-
sociated excess interstitials3 and to quantitatively profile the
residual excess vacancies by Au labeling.4 Detailed studies
of excess vacancy production and its dependence on ion
mass,5 anneal temperature,6 etc., have been carried out using
these techniques. However, a number of basic questions re-
garding the behavior of the resulting vacancy clusters, such
as their interactions with impurities, buried interfaces, and
their thermodynamic properties, have yet to be addressed in
detail. In this work, we present an experimental measure-
ment of the binding energy (Eb) of vacancies to vacancy
clusters formed following high-energy implantation in sili-
con.
In earlier attempts to measure the evaporation rate of
implantation-induced vacancy clusters in bulk Si, it was
found3 that the rate is determined by recombination with
interstitials from the Rp damage, thus masking the intrinsic
properties of the vacancy clusters. To prevent this interac-
tion, it was proposed that a silicon-on-insulator SOI
substrate3 be used such that the buried oxide BOX layer
would provide a barrier to interstitial migration,7 thus isolat-
ing the interstitials of the damage near Rp from the Vex re-
gion. Subsequently, a comparison of the thermal behavior of
the Vex in various substrates showed8 that the Vex is more
persistent in the SOI as compared to the bulk Si at any given
temperature, thus validating this suggestion. In the present
work, the cluster evaporation rate is measured in the SOI in
order to eliminate the interstitial interactions and determine
the Eb of vacancies to clusters. Also, in the course of this
study a phenomenon was found to accompany the implanta-
tion through the BOX layer. Such implantation results in an
additional vacancy-rich region, V2
ex
, on the Si side of the
front Si/BOX interface. The thermal behavior of this addi-
tional vacancy peak was also studied and compared with the
V1
ex region.
The SOI wafer used in this work had an approximately
1.8-m-thick top Si layer, while the BOX layer was 0.2 m
thick. The thick Si top layer was prepared by rapid thermal
chemical-vapor deposition RTCVD of a 1.6-m-thick Si
layer on commercially available bonded SOI having a 0.2
m silicon p/p epi-Si top layer. The substrate below the
BOX was Czochralski silicon. The final 1.80.2-m-thick
Si was nominally undoped and the background O and C
concentrations were below the SIMS detection limits of
51017 and 51016 cm3, respectively. Cross-
sectional transmission electron microscopy analysis of the
as-grown wafer did not reveal any bulk or interfacial defects.
The Vex profile was created by implanting 21015 cm2 of
2 MeV 28Si from a National Electrostatics Pelletron accel-
erator at an angle of 7° to the substrate normal. The current
density was 0.09 Acm2 while the substrate temperature
was held at 70 °C to prevent amorphization. Since the Rp of
the 2 MeV Si implant is 2 m with a straggle of 0.25 m
as calculated by TRIM 98 Ref. 9, the interstitial damage is
behind the BOX layer. Following the HEI step the sample
was RCA cleaned and annealed in a tube furnace at 800 °C
for 600 s under 1 atm of Ar flow rate of 1.5 lpm. This
preanneal served as the vacancy cluster-formation anneal andaElectronic mail: ramkik@wuphys.wustl.edu
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the subsequent time and temperature behavior was measured
after this anneal.
Following the preanneal, smaller pieces were cleaved
and individually annealed under Ar flow as above at tem-
peratures of 800, 850, and 900 °C for times from 600 to 1800
s. Finally, the vacancy profiles were measured using Au
labeling4 by implanting 68 keV 196Au to a dose of 8
1014 cm2, followed by a drive-in anneal at 750 °C in 1
atm Ar with a flow rate of 1.5 lpm for 9 h. This anneal time
was sufficient to saturate the Au in the Vex regions.4 Ruther-
ford backscattering RBS using 2.8 MeV 4He2 was per-
formed to measure the resulting Au profiles. Calibration ex-
periments reported previously have shown that under these
conditions the Vex concentration is equal to the Au concen-
tration multiplied by the calibration factor k1.2.4 Figure
1a shows the Au profile obtained after the HEI with the
preanneal in the SOI substrate. Also shown is the profile for
a similar implant without the preanneal done in bulk float-
zone FZ Si. The V1
ex region4 due to the HEI is visible in the
window of 0.8–1.6 m for both the SOI and FZ samples.
For the SOI an additional Au peak was observed in the re-
gion of 1.6–1.8 m. The V1
ex region visible in the FZ Si is
not observed after the preanneal. This is a clear indication of
the distinctly different kinetics of the processes leading to
Vex removal in the SOI versus the bulk. The exact position of
the Au peak with respect to the BOX was determined by
comparing the Si signal to the Au in the same RBS spectrum
to eliminate variations in the local Si thickness. The inset in
Fig. 1a compares the Si signal versus the Au signal for the
preannealed SOI sample, clearly showing that the Au peak
lies in the Si side of the Si/BOX interface.
To determine the nature of the defects that result in Au
trapping at the Si/BOX interface following the Au drive-in,
additional interstitials were injected in this interface region
via appropriately chosen implant energies followed by
annealing.10 Less Au was trapped during Au labeling after
interstitial injection, clearly indicating that the defects are
vacancy type in nature. A similar approach was earlier used
to identify the vacancy-type defects and obtain the quantita-
tive relation k , between the number of vacancies present to
the number of Au atoms trapped.4 The value of k obtained in
bulk Si was 1.2 Ref. 4 and we obtained the same value for
the interface. We propose that the cause of this additional
vacancy peak is due to the abrupt decrease in density of Si
atoms across the Si/BOX interface and the net forward
momentum11 of the recoiled atoms. Consequently, more at-
oms are knocked from the Si into the BOX layer than recoil
back out of the BOX layer into the Si, resulting in a net
deficiency of atoms on the Si side of the interface. This effect
is supported by TRIM 98 Ref. 9 simulations of a 2 MeV, 2
1015 cm2 Si implant into a 1.5-m-thick Si layer on a
0.2-m-thick BOX, as seen in Fig. 1b.
In the subsequent analysis of the thermal behavior of the
vacancy clusters, the two distinct V regions between 0.8 and
1.55 m (V1ex) and 1.55–1.8 m (V2ex) were studied inde-
pendently. The width of the interface peak, V2
ex
, in the RBS
spectra is a combination of straggle 0.04 m in the He
beam, interface roughness, and any thickness variation of the
Si device layer within the size of the 1.5-mm-diam analy-
sis spot. Figure 2 shows typical Vex profiles as a function of
time and temperature. These profiles were obtained by using
the k factor of 1.2 to convert from the measured Au concen-
tration to the Vex concentration, (Vex). The overall reduction
in (Vex) with increasing anneal time and/or temperature is
evident. To obtain the Eb for each region, the evaporation
kinetics were measured separately. Figure 3a plots the de-
crease in (Vex) as a function of time at each temperature for
the V1
ex region solid legends and the V2
ex region open leg-
ends. Vex is expected to decay exponentially with time. Ex-
ponential fits of type Vex(t)V0 exp(t/), were used to fit
the data for all the temperatures, where Vex(t) is the (Vex) at
any time t , V0 is the initial concentration i.e., after the ini-
tial 800 °C, 600 s anneal, and  is the time constant for
vacancy evaporation at each temperature. To determine the
Eb for the Vex evaporation, the experimental values for 
were fitted to an Arrhenius relation (T)0 exp(Eb
Em)/kbT)], where Eb is the binding energy and Em is mi-
gration energy of the vacancy. The fits are shown in Fig.
3b.
The measured energy for the V1
ex region was 3.50.2 eV,
while for V2
ex it was 2.90.6 eV.12 Using values of Em0.3
FIG. 1. a Au concentration after 2 MeV, 21015 cm2 Si implantation
into SOI with preanneal solid circles and bulk FZ Si solid line. The inset
shows the position of the BOX interface arrow obtained by comparing the
Si and Au signals. The BOX position with respect to the Au signal is indi-
cated by the solid box. b TRIM simulation of a 2 MeV, 21015 cm2 Si
implant into the SOI with a 1.5 m Si top layer on 0.2-m-thick BOX
showing the large (Vex) at the front Si/BOX interface.
FIG. 2. Time and temperature dependence of Vex.
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eV Ref. 13 binding energies are, respectively, 3.20.2 and
2.60.6 eV in the two regions. The value for the V1
ex region
is consistent with the value of 3.20.5 eV estimated by Ven-
ezia et al.,14 who calculated Eb from the measurement of
diffusion of Sb markers in SOI substrates. This number is
slightly smaller than the values determined from first-
principles calculations15 or measured by electron paramag-
netic resonance.16 The slightly smaller value for the vacancy
cluster observed here is expected because of the effect of
finite cluster size. Chadi and Chang17 have estimated via ab
initio calculations that on the average, the Eb increases with
increasing number of vacancies in a cluster.
The time constants measured in the two regions are dis-
tinctly different, suggesting that vacancy evaporation is
modified near the interface. While Eb appears to be lower for
clusters near the interface, the large uncertainty in the fits
Fig. 3 precludes a definite conclusion about whether the
evaporation mechanism is actually different. The time depen-
dence data in Fig. 3a dashed lines suggests the possibility
of a slowing in the evaporation, as indicated by the relatively
small change in going from 1200 to 1800 s for the 800 and
850 °C data. This change could be a result of incomplete
ripening during the preanneal due to the larger vacancy con-
centration in the interface region Fig. 1. Additionally, TRIM
simulations10 show that a significant concentration of oxygen
(7.31015 cm3) is intermixed across the front Si/BOX
interface. The possible effect of oxygen on the vacancy clus-
ters is not clear. However, it is well known that oxide forma-
tion is accompanied by interstitial injection,18 which leads to
oxidation-induced stacking OSF faults. Furthermore, the
activation energy for OSF growth is in the range of 2.3–
2.6 eV,18 which is similar to the activation energy measured
in this work for vacancy cluster shrinkage near the Si/BOX
region.
In any event, it is clear that the loss of Vex is not due to
interstitial injection from the BOX or the Rp damage. The
activation energy for Si transport through an oxide layer is
substantially larger than the activation energy for vacancy
loss in the present experiments. Celler and Trimble19 mea-
sured the activation energy for mass transfer through the ox-
ide to be about 4.4 eV, while Tsoukalas, Tsamis, and
Stomenos7 measured a value of about 4.2 eV.
This work highlights the complex nature of defect pro-
duction in the case of implantation through a buried inter-
face. Two distinct vacancy regions have been identified fol-
lowing the HEI into SOI material. While the V1
ex vacancy
region has been identified earlier,1 this is a direct measure-
ment of an additional vacancy source at the front Si/BOX
interface. The study of the thermal behavior of these two
regions clearly shows that the vacancies from the interface
region must be accounted for in any processing steps involv-
ing implants through the BOX layer. The Eb of the vacancies
to clusters in the bulk region, as measured using the V1
ex
region was estimated to be 3.20.2 eV. In comparison, the
Eb of vacancies to clusters at the interface was smaller, 2.6
0.6 eV.
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The electrical activation of B in n-type epitaxial-Si100 has been enhanced in the temperature range
of 400–800 °C. This enhanced activation was measured for 40 keV, 21014 cm2 dose of B
implanted into a vacancy-rich Si region. The vacancy-rich region consists of excess vacancies (Vex)
generated by a 2 MeV Si implant in the dose range of 31015– 101015 cm2. The B activation
in vacancy-rich Si is found to be a factor of 2.4 larger with up to 80% of the B activated as
compared to similar B implant and activation anneals carried out in the bulk Si. The dependence of
B activation on Vex concentration shows that the active B concentration increases with the Vex
concentration. From this dependence it was estimated that at least three vacancies are required to
activate an additional B atom. This process is distinctly different from the low temperature
activation that occurs during solid-phase epitaxial recrystallization of B-doped amorphous Si as no
amorphous Si is produced during any step. This low temperature processing will be advantageous
in situations where the epitaxial recrystallization of a doped amorphous Si layer is not possible, for
instance in the fabrication of fully depleted Si-on-insulator devices. © 2003 American Institute of
Physics. DOI: 10.1063/1.1535270
The ability to activate dopants in Si at ever lower tem-
peratures will continue to be a motivating challenge for
shallow-junction researchers. A lower process temperature
implies a reduction in the thermal budget and ultimately in
the cost of manufacturing. Currently the lowest possible an-
neal temperature that can electrically activate B in Si with
reasonable thermal budgets occurs when an amorphized Si
region containing a suitable amount of B is recrystallized.1
The recrystallization temperatures can be as low as 600 °C2
with 100% of B being activated in the dose range up to
1016 cm2. However, this approach is unsuitable for situ-
ations when the active device layer can extend all the way to
a substrate other than single crystal Si. One example is the
increasing use of fully depleted Si-on-insulator SOI
devices,3 where the device layer extends to the insulating
substrate. Under these conditions, the regrowth of a single-
crystal Si overlayer from amorphous conditions does not oc-
cur because of the lack of a suitable seed layer.
For the case of B, it is now well accepted that low-
temperature activation in crystalline Si4 is limited by the
formation of B clusters,5 even below the B solubility limit.
While the exact details of the clustering process are still un-
clear, a common theme in the numerous models is the pres-
ence of the large concentration of interstitials I following
the implantation step in crystalline Si. Prior work has clearly
shown that the interstitial supersaturations are reduced by
excess vacancies from high-energy implants.6 In this work,
we deliberately implanted B into Si regions containing a
large supersaturation of vacancies (V) and subsequently
measured the electrical behavior.
Previous work on using high-energy implantation HEI
to modify the B shallow-junction properties clearly show a
reduction in transient enhanced diffusion and subsequently,
shallower junctions.7 However, previous attempts to enhance
the B electrical activation using high-energy ion implantation
have been unsuccessful.8 Both, Saito et al., and Larsen et al.,
utilized mega-electron-volt implantation. Also, in both these
studies, the B atoms resided in an amorphous Si layer and no
increase in electrical activity of B was reported.
In the last few years we have extensively characterized9
and quantitatively studied the production of excess vacancies
(Vex) following HEI into Si.10 Specifically we have observed
a large concentration of Vex near the surface11 and in the
regions around half the projected range (1/2Rp) of the HEI
implants. In this work we use the large near-surface Vex con-
centration to enhance the electrical activation of B. This ap-
proach produces an active B concentration of up to 80% of
the implanted dose (21014 cm2) in the temperature range
of 400–800 °C, which is a factor of 2.4 times greater than
that achieved without HEI.aElectronic mail: ramkik@wuphys.wustll.edu
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The production and measurement of the Vex profile fol-
lows the approach reported in detail in earlier
publications.11,12 Briefly, 2 MeV 28Si ions are implanted
into n-type epi-Si100 (	0.15 
 cm) or p-type floating,
zone FZ–Si100 (	85 
 cm). The substrate tempera-
ture was maintained at 70 °C during the implant, while the
implanted dose varied from 31015 cm2 to 10
1015 cm2. The ion current used was typically 0.5 A/cm2
and under these conditions no amorphization of Si takes
place.13 High-resolution transmission electron microscopy on
the highest dose samples confirmed that the implanted layer
was devoid of amorphous regions. These conditions produce
a Vex rich region which extends from the surface to near the
projected range (Rp).14
We measured the Vex quantitatively by the Au labeling
technique.15 The technique consists of producing a surface
source of Au by implanting sufficient Au here 8
1014 cm2) at 68 keV into the HEI samples followed by a
drive-in anneal at 750 °C to interact the Au with the Vex.
Following this, the Au concentration as a function of depth is
measured, typically by Rutherford backscattering RBS. Us-
ing the calibration factor15 k1.2, relating the concentration
of Au to Vex as VexkAu , the concentration of Vex is
then determined.
In this work, a 10B implant of 21014 cm2 dose16 and
40 keV energy projected range, Rp , of 0.14 m17 was
implanted at room temperature at a current density of 0.1
A/cm2. These conditions do not amorphize Si.18 B was im-
planted into the as-implanted HEI samples. A set of experi-
mental control samples was produced by performing identi-
cal B implants into bulk Si samples without HEI. Activation
anneals were performed in the temperature range of 400–
800 °C in Ar atmospheres for either 900 or 3300 s. Subse-
quently, the electrical activation was measured by spreading
resistance profiling.19 All the implants and RBS measure-
ments were performed using the 1.7 MeV tandem accelerator
at Agere Systems, Murray Hill, NJ or Oak Ridge National
Laboratory, Oak Ridge, TN.
Figure 1 compares the electrically active B concentration
in the T range of 400–800 °C after a 3300 s anneal in epi-Si
with solid squares and without open circles the 10
1015 cm2 Si HEI. While the concentration of active B is
between 1.3 and 1.61014 cm2 65%–80% for the HEI
samples, it lies between 0.56 and 0.651014 cm2 28–
33% for the controls. This is an increase by up to a factor of
2.3–2.4 for the whole temperature range studied no acti-
vation was noted in control samples containing only the
HEI. Further, this figure shows that almost 75% of the B in
HEI is activated at 400 °C, without producing any amor-
phous regions. While the overall trend of the two curves are
very similar possibly indicating reverse annealing4 behavior
in the temperature range of 500–600 °C for the HEI case, the
measurement error of 15% prohibits a conclusive compari-
son.
We also observed that the state of the supersaturated
vacancies prior to the B implant and anneal was important. It
has been observed earlier that annealing of the HEI sample
results in the clustering of vacancies in the V supersaturated
regions.13,20 Figure 1 shows that the activated B concentra-
tion following a 900 s anneal was higher in the as-implanted
HEI open square 1.41014 cm2) then in the HEI con-
taining a prior annealing step solid circle 0.86
1013 cm2). This HEI sample was annealed at 815 °C for
900 s in Ar. This result suggests that the vacancy clusters
may be less effective in preventing B clustering or making
the B substitutional.
Figure 2 shows Vex profiles following the 10
1015 cm2 dose HEI and subsequent B implantation and
annealing, as measured by Au labeling. The Vex profile in the
as-implanted HEI is shown by the solid line while the Au
profile in bulk-Si no HEI is shown by the dashed line.
Three distinct regions, discussed previously in Ref. 11, are
visible for the HEI sample I. The implanted Au from the
surface down to 0.1 m, II a near surface Vex region of
which the interval from 0.1 to 0.4 m is visible under these
experimental conditions, and III the Vex region in the depth
of 0.5–1.6 m. The Vex profile following B implant and
anneal 900 s in the HEI is shown by the curve with open
circles. The annihilation of vacancies in region II is clearly
visible. The location of this annihilation corresponds to the
implanted B profile solid circle, as estimated using trans-
port of ions in matter TRIM.17
In Fig. 2, information of the total spatial extent of the
near surface Vex is destroyed because of the Au implant.
However, we have confirmed that the near-surface Vex ex-
FIG. 1. The integrated active B concentration for 101015 cm2 in as-
implanted HEI solid squares as a function of anneal T after 3300 s activa-
tion anneals. The B control i.e., no HEI is shown in open circles. Also
shown are measurements of the active B following a 900 s anneal in the
as-implanted HEI open square and HEI containing a preanneal at 815 °C
for 900 s solid circle. The uncertainty in the measurement is 15%.
FIG. 2. The Vex profile in epi-Si obtained via Au labeling for the 10
1015 cm2 HEI sample solid line and in bulk-Si no HEI—dashed line.
The implanted Au I, near-surface Vex II and 1/2Rp Vex III regions are
indicated. The Vex profile following the B implant and 900 s anneal in the
HEI sample is indicated by the open circle. The location of the B implant as
estimated using TRIM is identified by the solid circle. The annihilation of
the region II Vex is clearly visible for the B in the HEI curve open circles.
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tends from the surface to about 0.4 m. To do this, we car-
ried out molecular beam epitaxy growth of a 0.3-m-thick Si
layer on a sample containing 101015 cm2 dose of 2 MeV
Si, so as to move the original surface deeper in. Subsequent
Au labeling showed that the Vex profile extended from the
original surface.
The dose dependence was observed in p-type FZ–Si
samples. The B activation anneal was performed at 700 °C
for 3300 s. Figure 3 plots the active B open circles as a
function of the HEI dose with the control having no HEI
dose. As seen, the active B increases with the HEI dose.
While increasing the HEI dose increases the Vex concentra-
tion in region II, as discussed in the previous paragraph, an
accurate dependence between the number of extra B atoms
i.e., above the value in the control Si activated and the near
surface region II Vex is not possible. However, an upper
limit for the efficiency of the V in activating B can be esti-
mated by the integral V concentration observed in region II
in the interval of 0.1–0.4 m. Figure 3 plots the number of
extra B atoms closed circles activated against the integral
region II Vex obtained for FZ–Si in the HEI dose range of
31015– 101015 cm2. A linear increase is observed in
the number of activated B atoms with a slope of 0.3. This
suggests that at least 3 vacancies are required to activate an
extra B atom.
The present process differs fundamentally from the ear-
lier attempts mentioned previously8 in that no amorphous Si
layer is formed. This therefore allows the possibility that the
implanted B and/or the interstitials can interact with the large
vacancy concentrations in crystalline Si.
In summary, the electrical activity of B in Si was studied
in n-type epi-Si and p-type FZ–Si wafers implanted with 2
MeV Si. We have observed an increased electrical activation
of B implanted into a region containing a large vacancy con-
centration. An increase by up to a factor of 2.4 in active B
concentration was observed in the temperature range of 400–
800 °C. The state of the vacancies prior to the B activation
anneal was also seen to influence the amount of active B:
pre-annealing at 815 °C to form vacancy clusters reduced the
activation enhancement. In addition, we observed that the
concentration of electrically active B increases with an in-
crease in the concentration of vacancies. A lower limit on the
number of vacancies required to increase the B activation
over the control was found to be three vacancies for every
extra B atom. The efficiency of the Vex region in enhancing
B activation was found to be similar for the epi and FZ–Si
for 101015 cm2 Si HEI samples, even though the overall
active B concentration was lower for the FZ sample. The
results in this work show that it is possible to achieve a high
concentration of electrically active B at low temperatures
without amorphizing Si. This makes it suitable for situations
where amorphization and recrystallization is not possible, as
for example in processes for fully depleted SOI.
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FIG. 3. The integrated active B in FZ–Si as a function of the HEI dose
open circles following 3300 s activation anneals. The closed circles show
the extra active B atoms as a function of the integrated region II Vex depth
interval of 0.1–0.4 m obtained for the FZ–Si wafers. The linear depen-
dence of the extra active B on the Vex concentration suggest that at least
three vacancies are required. The standard deviation error in the measure-
ment of the Vex concentration was estimated to be about 91012 cm2.
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Character of defects at an ion-irradiated buried thin-film interface
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In order to investigate the nature of defects produced by ion irradiation through a heterostructure, a
silicon-on-insulator substrate with a buried SiO2 layer at a depth of 1.5 m was irradiated. The
implantation was done using 2 MeV 28Si ions in the dose range of 0.2– 11016 cm2. The
subsequent defect analysis was performed using the Au labeling technique. Besides the presence of
an expected excess of vacancy-type defects in the Si overlayer (VSiex), an additional vacancy excess
peak was observed at the frontside of the buried interface (V Intex ). The V Intex is found to increase
linearly with increasing dose of the high-energy implant. The presence of this V Int
ex peak near the
interface is also predicted by the TRIM Monte Carlo code. Additional Monte Carlo simulations of
damage production via high-energy implantation in Si/X-type structures show that the nature of the
defects at the front Si/X interface can be changed from vacancy to interstitial-type by increasing the
mass of atoms in the buried thin-film, X. These experiments provide quantitative verification of
nonuniform defect production at an ion-irradiated buried interface in Si. © 2002 American
Institute of Physics. DOI: 10.1063/1.1470258
I. INTRODUCTION
In recent times, the idea of integrating different materials
with Si and other substrates has grown in importance due to
the tremendous potential to make sophisticated devices. The
integrated materials approach can lead to structures with
opto-, electro-, and mechanical abilities coupled onto a
single chip.1 This obviously attractive possibility brings with
it a number of processing complications, among which ther-
mal expansion mismatch2 and the presence of the numerous
interfaces are particularly important. The presence of thermal
expansion mismatches will be manifest in any thermal treat-
ments of the integrated structures, while the interfaces
will appear in the coupling of properties between the various
layers.
In this view, postprocessing of the structures to control
strain and interface properties will require techniques that are
capable of a spatial deposition of energy as well as mass. Ion
implantation is the primary technique for such situations. It
can be used to modify bulk as well as interfacial properties,
via doping, intermixing, etc. In fact, one of the most exten-
sively studied problems is that of radiation-induced mixing
across interfaces. Numerous books3 and review articles4 are
available on the topic of ion-beam mixing of interfaces and
buried thin films. However, these studies have typically re-
lied on the detection of interfacial intermixing via spectro-
metric techniques like Rutherford backscattering RBS or
secondary ion mass spectrometry SIMS. The direct quanti-
tative detection of interstitials and vacancies has been diffi-
cult. Numerous techniques have been used to profile point
defects following implantation. For example, positron anni-
hilation spectroscopy,5 ion channeling,6 impurity-defect in-
teraction profiling,7 Raman spectroscopy,8 etc. The most re-
liable quantitative technique for studying interstitials,
particularly for Si, has been via the growth of interstitial
clusters9 or via the behavior of dopants known to diffuse by
interstitial mechanisms.10,11 In comparison, the quantitative
study of vacancies in Si is even more difficult.12 However,
recently we have calibrated the Au labeling technique13 and
used it to make a number of quantitative measurements of
Vex generation in Si from high-energy ion HEI
implantation.14 In this work, we use the Au labeling tech-
nique to detect and quantitatively study the production of
V-type defects near the front interface of a buried SiO2 thin
film in Si after implantation by 2 MeV 28Si. We also used
the Monte Carlo simulation code TRIM Ref. 15 to observe
the nature of the excess defects at the buried Si/SiO2 inter-
face. Monte Carlo simulations also show that for structures
of type Si/X , the mass of atoms in the thin-film X strongly
influences the concentration of the excess defect i.e., I or V
type at the front interface. The simulations suggest that not
only the concentration but also the type of defect I or V
type at the interface can be controlled by an appropriate
choice of mass of the buried layer, affording a possible ap-
proach to control strain in overlayers.
aElectronic mail: ramkik@wuphys.wustl.edu
bPresent address: Lawrence Livermore National Laboratory, Livermore, CA
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II. EXPERIMENT
The silicon-on-insulator SOI wafer used in this work
had an approximately 1.5-m-thick top Si layer, while the
buried SiO2 thin film was 0.2 m thick. The thick Si top
layer was prepared by rapid thermal chemical vapor deposi-
tion of a 1.3-m-thick Si layer on commercially available
bonded SOI having a 0.2 m silicon p/p epi-Si top layer.
The substrate below the buried oxide BOX was Czochral-
ski silicon. The final 1.50.2-m-thick Si was nominally
undoped and the background O and C concentrations were
below the SIMS detection limits of 51017 and 5
1016 cm3, respectively. Cross-sectional transmission
electron microscopy TEM analysis of the as-grown wafer
did not reveal any bulk or interfacial defects. The HEI im-
plantation through the SiO2 layer was achieved by implant-
ing 2 MeV 28Si in the dose range of 0.2– 11016 cm2
using a National Electrostatics Pelletron accelerator at an
angle of 7° to the substrate normal. The beam current was
1.4 A while the substrate temperature was held at 70 °C to
prevent amorphization. Since the projected range (Rp) of the
2 MeV Si implant is 2 m with a straggle of 0.25 m as
calculated from TRIM98 Ref. 16 the interstitial-type de-
fect is behind the SiO2 layer.
Previously, V-type defects have been probed by a second
Si implant of suitably chosen energy such that the Rp of this
implant lies in the region of the vacancies.13,17 A suitably
chosen heat treatment then induces recombination between
the vacancies and injected interstitials. Here, Si was im-
planted in the interface region of the 11016 cm2 dose HEI
sample with energies of 1.15 (Rp1.41 m), 1.3 (Rp
1.52 m), or 1.5 MeV (Rp1.66 m). The energy was
varied slightly to compensate for any variation in the depth
of the Si/SiO2 interface as well as to control the number of Si
atoms implanted near the interface. The areal density of the
implanted Si atoms in the Si region near the interface was
determined by measuring the position of the interface via
RBS and then integrating the area up to the interface under
the simulated implanted profile as determined by TRIM98.
These samples were then annealed at 760 °C for 1020 s in a
tube furnace under 1 atm of Ar flow rate of 1.5 lpm. De-
pending upon the nature of the preexisting defects near the
interface, this anneal will either grow interstitial clusters or
recombine the added Si atoms with any existing V-type de-
fects. The defect production in the SOI wafers was compared
with bulk Si100 wafers of float-zone type FZ, where the
identical 2 MeV Si implant in the dose range of 0.2– 1
1016 cm2 Si was carried out.
Finally, the vacancy defect profiles were measured using
Au labeling18 by implanting 68 keV 196Au at a dose of 8
1014 cm2 followed by a drive-in anneal at 750 °C in 1
atm Ar with flow rate of 1.5 lpm. The anneal was performed
until the saturation of Au in the Vex region.19 Rutherford
backscattering using 2.8–3.0 MeV 4He2 was performed to
measure the resulting Au profiles. Calibration experiments
reported previously13 have shown that under these HEI im-
plant conditions the Vex concentration is equal to the Au
concentration multiplied by the calibration factor k1.2.
The Monte Carlo binary collision code TRIM98 Ref.
16 was also used to determine the nature of the excess de-
fects at the interface following the implantation. A
Si(1.5 m)/SiO2(0.2 m)/Si structure was used to simulate
damage production due to a 2 MeV 28Si implant at an inci-
dent angle of 7°. The atomic densities used were 6.98
1022 atoms/cm3 for SiO2 and 4.981022 atoms/cm3 for Si.
The damage production was observed using a full damage
cascade calculation. The displacement energy (Ed) used for
the Si substrate and the buried layer in this and all subse-
quent TRIM calculations was 15 eV. Additional TRIM simu-
lations were carried out to determine the dependence of the
excess defects at the front interface on the mass of atoms in
the buried thin film. The implant parameters were identical to
the previous simulation. These additional simulations were
carried out using the Si/X/Si heterostructure with the buried
layer X of thickness 0.2 m and density identical to SiO2 of
6.981022 atoms/cm3 but containing atoms of mass 12, 28,
31, and 73 amu. The depth of the thin film was 1 m from
the surface as opposed to the earlier simulation where it was
at a depth of 1.5 m. Following the full cascade damage
calculation, local recombination was used to determine the
defect excess. In addition, the ballistic contribution to inter-
mixing of the thin-film and substrate atoms was also fol-
lowed.
III. RESULTS AND DISCUSSION
A. Excess defects at the buried SiÕSiO2 interface:
Experimental findings
Figure 1a shows the typical Au profile obtained in a
HEI sample with a 11016 cm2 dose Si implant in the SOI
substrate. Also shown is the Au labeling into a SOI substrate
FIG. 1. a Experimentally observed Au profile after Au labeling for a SOI
substrate solid line containing a high-energy implant HEI with 2 MeV Si
at a dose of 11016 cm2. Also shown is the Au profile into a bulk Si wafer
containing the identical HEI open circles and a SOI sample without the
HEI dashed line. The buried oxide layer BOX is indicated by the shaded
area. b Overlaid signals of Au open circles and Si dashed line using the
depth scales obtained via RBS. This overlay was used to determine that the
rear edge of the extra Au peak in the SOI samples was at the front edge of
the BOX layer.
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without any HEI. Three distinct regions of Au can be iden-
tified in Fig. 1a for the HEI samples: the surface implanted
Au peak in the region of 0–0.2 m, the Au profile in the
window of 0.5–1.5 m, and the peak in the region between
1.6 and 1.8m. As compared to this, there is no Au trapped
in the sample without any prior implant. The Au profile in
the region of 0.5–1.5 m is known to arise due the Vex
defects.18 This region referred to as the VSi
ex region has been
studied extensively in bulk float-zone Si.14 We have recently
shown13 that for the dose conditions used in this work, the
Au concentration in the VSi
ex region is related to the Vex con-
centration by a calibration factor k1.2. To determine if the
profile in the SOI sample was quantitatively similar to that
obtained in the bulk FZ-Si substrates, the profiles from a 1
1016 cm2 dose HEI in SOI and bulk FZ Si were com-
pared. As shown in Fig. 1a, after Au drive-in into the as-
implanted samples, a similar profile was obtained for both
substrates in the region of 0.5 to 1.5 m. However, an
essential difference between the Au profiles of the two sub-
strates is the ‘‘extra’’ Au peak in the region between 1.6
and 1.8 m. To determine the precise position of this extra
peak, the Au signal was overlaid with the Si substrate signal
using the depth scales obtained via RBS.20 As shown in Fig.
1b, the rear edge of the Au peak corresponds to the front
edge of the buried SiO2 thin film, as indicated by the dip in
the Si signal. This proved that the Au peak in the region
between 1.6 and 1.8 m corresponded to Au at the front
interface of the Si/SiO2 layer.
To determine the nature of the defects that resulted in Au
trapping in this interface region, extra Si atoms were added
following the 11016 cm2 dose HEI implant. The extra
atoms were then reacted with the existing defects at the in-
terface by a 760 °C and 1020 s implant. If interstitial defects
are present at the interface, the extra Si atoms will tend to
cluster with them and under the chosen anneal conditions
would ripen to create large interstitial clusters of 311-type
defects.21 These defects should show up as an increase in the
concentration of trapped Au Ref. 22 or be visible under
TEM. On the other hand, if V-type defects are present at the
interface, the extra Si atoms will recombine with some of the
vacancies. This should lead to a decrease in the amount of
Au trapped following Au labeling. Alternately, the extra at-
oms could rapidly recombine at the Si/SiO2 interface, which
is known to be a sink for interstitials,23 thereby leaving the
defects and therefore the amount of trapped Au unchanged.
Shown in Fig. 2a are the simulated TRIM implantation
profiles for the low-energy Si atoms with respect to the ex-
perimentally measured position of the buried oxide layer.
Also shown is the experimental Au profile for the SOI
sample containing the 11016 cm2 Si HEI and 760 °C,
1020 s anneal. In Fig. 2b the result of implanting the extra
Si atoms, as measured by Au labeling, is shown. Clearly, the
amount of trapped Au has decreased after the second im-
plant, indicating that these defects are V type. The change in
the Au concentration as a function of the implanted Si atoms
is shown more clearly in Fig. 2c. Here, the number of im-
planted Si atoms was estimated from the area under the curve
between 1.3 m up to the front interface of the Si/SiO2 re-
gion at 1.59 m Fig. 2a. The integrated doses were
1.451014, 1.381014, and 1.071014 cm2 for the 1.15,
1.3, and 1.5 MeV implants, respectively. The amount of
trapped Au decreases linearly with the injected Si atoms. The
slope of this variation, which gives the decrease in the num-
ber of Au atoms for every additional Si atom, is 0.86
0.26. The reciprocal of this ratio, which measures the num-
ber of interstitials needed to reduce the amount of trapped Au
by 1 atom is 1.160.35. This number is in agreement with
our earlier observed value of 1.20.2 for VSi
ex in FZ Si,
which measured the number of vacancies required to trap 1
Au atom. Furthermore, the amount of Si atoms placed at the
interface the areal density varied from 1.071014 to
1.451014 cm2 is large enough to form interstitial
clusters21 when implanted alone. However, transmission
electron microscopy observations in cross section did not
show any extended interstitial defects at the interface in the
HEI samples containing the second Si implant. Therefore,
these three results: the linear decrease in the interface Au
with Si injection, the agreement in the k value, and the ab-
sence of extended interstitial defects provides conclusive evi-
dence that the existing defects at the interface referred to as
V Int
ex  following the HEI are V type.
FIG. 2. a The experimentally observed Au profile for the 2 MeV, 1
1016 cm2 Si HEI solid line in comparison with the spatial distribution
of the interstitials obtained from TRIM calculations following the low-
energy Si implants of 1.15–1.5 MeV. b Au profiles of the region near the
buried interface following the interaction between the defects of the HEI and
interstitials from the low-energy Si implants. c Integrated Au concentration
after the various low-energy implants for the depth window of 1.3–1.59 m
plotted against the number of Si interstitials obtained from the TRIM calcu-
lations of a for the same depth window. The slope of the linear decrease on
the amount of Au 0.86 is identical to that obtained in the calibration
experiment.
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To further quantify the behavior of the V Int
ex
, a HEI dose-
dependent study was performed. Shown in Fig. 3a is the
Vex profile for the SOI substrate as a function of HEI dose.
Increasing dose increases VSi
ex as well as V int
ex
. Using calibra-
tion factor k of 1.2 for the VSi
ex and V int
ex regions, the integrated
Vex concentration for the two regions as a function of the
implanted Si dose can be plotted, as in Fig. 3b. The depth
window used to determine the areal concentration was 0.5–
1.5 m for VSi and 1.5–1.8 m for V Int . Both regions show
a linear increase with dose. Also shown in Fig. 3b is the VSi
ex
region observed for the bulk FZ Si. Clearly, the slopes of the
VSi
ex are within the error bars of these measurements 15%.
In addition, while the overall concentration of the V Int
ex is
greater the slope is similar to the VSi
ex region. Thus, the V Int
ex
region behaves similar to the VSi
ex region, suggesting that
similar excess damage production mechanisms are operating
for both cases.
B. Excess defects at the buried SiÕSiO2 interface:
Simulation
Since binary collision codes have successfully predicted
the existence of excess V-type defects in the VSi
ex region,24 we
can use the Monte Carlo binary collision code TRIM to un-
derstand the effect of a buried thin film on the excess defect
profile. Shown in Fig. 4a is the Frenkel pair profile pro-
duced following the 11016 cm2 dose HEI in the SOI sub-
strate. Following local recombination, the excess defect con-
centration is shown in Fig. 4b, where the ordinate is in
terms of the vacancy excess. The experimentally observed
Vex is also shown. Besides the excess in the VSi
ex region from
the surface to about 1.2 m, there is also clearly a large V
peak at the front interface. Therefore, the experimentally ob-
served V int
ex is qualitatively predicted by a simple binary col-
lision calculation. The calculation of the excess as shown in
Fig. 4b was based on the total number of atoms, i.e., both
Si and O. As Fig. 5 shows, a significant concentration of O
peak concentration is 41018 cm3 is intermixed across
the Si/SiO2 interface. The areal density of O in the Si side of
the interface is 1.21013 cm2 for the 11016 cm2
dose. This indicates that intermixed atoms could contribute
significantly to the total atom concentration at the interface
and will play a role in determining the behavior of the de-
fects at the interface. In fact, we have recently reported on
the thermal behavior of excess vacancies and the possible
effect of O on their behavior.25 Although the simulation pre-
dicts V int
ex
, a quantitative comparison between the experimen-
tally observed V int
ex and the TRIM observations shows that the
simulation predicts values that are almost 10 higher than
FIG. 3. a Vex profile for various doses of the 2 MeV Si HEI obtained from
Au labeling and calibration factor k1.2. b Linear dose dependence was
observed for the integrated depth window of 0.5–1.5 m VSiex for the SOI
open circles and bulk Si solid squares. Also shown is the integrated V Intex 
depth window of 1.5–1.8 m for the interface region open squares,
which also shows a linear increase with HEI dose.
FIG. 4. a Frenkel pair profile obtained from the TRIM calculation for the
2 MeV, 11016 cm2 Si HEI in the SOI substrate containing a 0.2-m-
thick BOX layer at a depth of 1.5 m. b Excess vacancy defect profile
following local recombination from the point defect distribution calculated
from TRIM solid line compared to the experimentally observed Vex profile
for a 2 MeV, 11016 cm2 Si HEI. The depth scale of the experimental
profile was stretched by a factor of 1.15 to align the buried interface
position.
FIG. 5. Oxygen mixing profile following the TRIM calculation of a 2 MeV,
11016 cm2 Si implant into the SOI substrate containing a 0.2-m-thick
BOX layer at a depth of 1.5 m. The areal density of the intermixed oxygen
was estimated for the dark shaded area, which corresponded to oxygen in
the top Si layer.
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that observed experimentally. Shown in Fig. 6 are the inte-
gral V int
ex from experiment and simulation. V int
ex is 10
higher for the TRIM calculation over experiment. It must be
remembered that the TRIM simulation only involves local
recombination of defects. In the experiment, the Au drive-in
is carried out at 750 °C. Given the fact that point defects in Si
are very mobile, the true Vex concentration must also take
into account any dynamic effects following the recombina-
tion. A more sophisticated simulation taking into account the
mobility and thermal stability of the various defect clusters
and their interaction with impurities and interfaces must be
used to give an accurate quantitative picture of the Vex gen-
eration. Nevertheless, the qualitative agreement obtained by
using the simple binary collision code like TRIM allows a
preliminary study of the effect of various implant and sub-
strate parameters on excess defect production.
C. Excess defects at buried SiÕXÕSi structures:
Simulation
Given the qualitative success of the Monte Carlo calcu-
lation in verifying the nature of the excess defects at the
interface, the study of various aspects of the excess defect
production on thin-film properties can be attempted. As de-
scribed earlier, hypothetical 0.2-m-wide thin films contain-
ing atoms of mass 12, 28, 31, and 73 amu were placed at a
depth of 1.0 m in these simulations. A 2 MeV, 2
1015 cm2 dose Si implant was simulated and the resulting
excess defect production was evaluated. Figure 7a shows
the Vex profiles in these TRIM calculations. The immediately
apparent feature is the decrease in Vex at the frontside of the
interface between 0.98 and 1.0 m as a function of increas-
ing mass. In fact, for the case of mass 73 amu, the excess
defect becomes interstitial type (Iex), indicating a crossover
in the sign of the defect i.e., Vex to Iex at some intermediate
mass. Shown in Fig. 7b are the concentration profiles for
impurity atoms intermixed into the Si side of the front inter-
face and the Si atoms recoiled into the thin film. Here, the
case for mass28 amu is not plotted because the X atoms
could not be distinguished from the substrate Si atoms. In the
estimation of the excess, the behavior of these intermixed
impurity atoms, i.e., their substitutional vs. interstitial 1
character must be accounted for. While the substitutional im-
purities will annihilate vacancies, the I-type impurities will
not. In the case of Fig. 7a, the impurity was assumed to be
I type. If the impurities are considered substitutional, the
result is a decrease in the Vex and an increase in Iex. Figure
7c shows the effect of substitutional impurities on the re-
sulting excess defect profile. The case for X of mass
28 amu is also included as now the X atoms need not be
distinguished from the substrate case. Vex has now decreased
for the 12 and 31 amu cases, while Iex has increased for 73
amu. It should be emphasized here that the calculations were
done for hypothetical layers having atomic density of 6.98
1022 cm3. Therefore, the result for X28 amu, corre-
sponding to Si atoms, shows an enhanced Vex at the interface
of the atomic density change. Similar calculations performed
with X28 but with the atomic density of Si did not show
enhanced Vex.
Figure 8 plots the integrated Vex at the front interface
the integral window is 0.9–1.0 m with and without the
substitutional impurity atoms as a function of the mass of the
thin-film atoms. Significantly, Vex decreases linearly with in-
creasing mass, with the position of the crossover from Vex to
Iex occurring at approximately 61 amu for interstitial impu-
FIG. 6. Integral V Intex as a function of the HEI dose obtained from the TRIM
simulations open squares compared to the experimentally observed values
solid circles.
FIG. 7. a Simulated Vex profiles at the frontside of the Si/X/Si structure as
observed from TRIM simulations for various masses of X. The solid vertical
line at 1 m denotes the front interface between Si and X. The profiles here
were estimated by treating any intermixed atoms from X to be interstitial
type. All the simulations were for a 2 MeV, 21015 cm2 Si HEI into a
1-m-thick top Si layer and 0.2-m-thick X layer. The X layer had an
atomic density of 6.981022 cm3. b Simulated concentration of the X
atoms intermixed into the Si side of the front interface and the Si atoms
intermixed into the X side. c Simulated Vex profiles at the front interface
obtained by treating the intermixed X atoms as substitutional impurities.
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rities. For substitutional impurities, the crossover shifts to
lower masses, and for this combination of Si implantation
energy and depth of interface occurs at 51 amu.
Table I lists the integral quantities of the Frenkel pair
FP I and V, the nuclear energy deposited, forward re-
coiled Si atoms, the impurity recoils, and the excess defects
for the front interface. In general, there is a consistent varia-
tion in any quantity with increasing mass. For instance, the
number of FPs in the Si substrate and the nuclear energy
(Ednuc) deposited in the thin film increases with increasing
mass, while the Vex following the recombination of the FPs
decreases. For the case when X is 28 or 31, the comparable
FP density for 28 as compared to 31 arises because of the
increased efficiency of energy transfer between two atoms of
identical mass i.e., here the implanted ion has mass 28 amu
as compared to between the different masses.20 In addition,
the number of impurity atoms intermixed into the frontside
increases with mass, while the number of Si recoils in the
thin film decreases with increasing mass for the depth win-
dow of 1.01–1.1 m.
The net excess defect density following ion implantation
through interfaces can be understood by considering the flux
of atoms to various regions near the interfaces. For an el-
emental volume dV at a position P Fig. 9a, the net rate of
change in the number of atoms it contains is determined
mainly by two factors; i the recoils from neighboring re-
gions that stop in dV , and ii the atoms knocked out of dV
by energetic collisions. We define a function 	( r´), which is
the rate per unit volume at which atoms from the neighbor-
ing regions are scattered by the ion-beam flux including
recoils, etc. and come to rest in the volume element dV . The
net flux to point P into dV is the integral of 	( r´) over the
surrounding regions, where 	( r´) is nonzero, minus the rate
at which atoms are kicked out of dV . In the homogeneous
bulk, the net change in the number of atoms in dV is rela-
tively small the excess vacancies obtained experimentally
are very small compared to the total point defect popula-
tions. However, if there is an inhomogeneity; i.e., a neigh-
boring region where the recoil production rate is different
FIG. 8. Linear dependence of the V Intex  on the mass of X atoms as obtained
from TRIM simulations. The position of the crossover, which indicates the
position of change in the sign of the excess defect at the front interface, is
also marked. The position of the crossover varies depending on the behavior
of the intermixed X atoms as interstitial or substitutional type. The crossover
occurs at 61 amu for interstitial-type X atoms, while it occurs at 51 amu
for substitutional type. The calculations here are for the 2 MeV, 2
1015 cm2 Si implant into a Si(1.5 m)/X(0.2 m)/Si heterostructure.
FIG. 9. a Net excess defect concentration following implantation in re-
gions where the recoil production is changed over the bulk values can be
estimated by the net flux of atoms into elemental volume dV from the
surrounding regions. The function 	( r´) determines the probability that an
atom from a neighboring region will be knocked into dV . Thus, integration
of 	r over the volume neighboring dV minus the number of atoms coming
out from dV determines the net flux from which the net excess is deter-
mined. b TRIM calculation of the total energy deposited to nuclear stop-
ping (EdNuc) for the various X layers used. Change in EdNuc in going from the
bulk Si to the X layer provides one situation by which the recoil production
in the X layer is different from bulk Si.
TABLE I. Results of the TRIM simulation for the 2 MeV, 21015 cm2 Si implant into
Si(1.0 m)/X(0.2 m)/Si heterostructure for the front Si/X interface. The excess defects are calculated in the
Si side of the front interface in the depth window of 0.9–1.0 m. The density of X for all the masses was
6.981022 atoms/cm3.
X atom Mass
No. of FPs
cm2
Ed
Nuc
eV/ion
Si recoils
cm2
X recoils
cm2
Excess defects cm2
ve for Vex/ve for lex
amu 1.0m 1.0m 1.0m 1.0m Substitutional Interstitial
12 3.11017 6.3109 8.31013 1.61013 8.61013 11014
28 3.31017 1.21010 6.21013
30 3.31017 1.31010 6.71013 2.11013 41013 61013
73 3.61017 2.41010 5.71013 2.91013 5.31013 2.31013
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from that in bulk Si, then another function 	*( r´) must be
used in this region and the rate of accumulation of atoms in
dV will be different from the bulk value. For instance, if P is
close to a free surface, then 	*( r´) is zero beyond the surface,
since the vacuum contributes nothing to the accumulation of
atoms in dV . The rate of loss from dV is not affected by the
presence of the surface, and therefore the approximate bal-
ance between the incoming and outgoing atoms in dV will be
lost. In most cases where P is near a surface, net vacancies
can be expected to accumulate in dV .
An effect that can cause a change in the recoil produc-
tion rate near interfaces between different materials is the
nuclear energy deposited into the material because of a dif-
ferent mass,4 atomic density, etc., as compared to Si. From
the simulations carried out here, the Ed
Nuc in eV cm3 in-
creases with increasing mass Fig. 9b, as expected.4 In
addition, the Ed
Nuc changes rapidly in going across the inter-
face. This leads to a change in recoil production across the
interface and from our flux model provides a condition for an
excess defect concentration that is enhanced over the bulk
value. Further, the increasing Ed
Nuc will increase the cascade
size and the density of cascades causing a ‘‘spillover’’ of
mass and energy across the interface. This spillover is clearly
manifested in the increase in the number of recoiled impurity
atoms from the interface with increasing mass Fig. 7b,
and therefore changes the net flux in dV compared to the
situation in bulk Si. These preliminary qualitative findings
from the TRIM calculations emphasize that the mass of the
interface atoms play an important role in the net excess de-
fect population at the interface. Importantly, these simula-
tions show that the defect type and/or defect density at the
front interface can be controlled. While this model can be
used to understand the presence of the Vex peak at various
interfaces, for instance, at the back SiO2 /Si interface Fig.
4b, it does leaves out secondary effects, such as the reduc-
tion in the energetic particle flux with distance.
IV. CONCLUSION
The experiments reported here have clearly identified the
nature of defects produced at a front interface of a buried
thin film during irradiation of a heterostructure. Excess de-
fects were created by a high-energy implant of 2 MeV Si into
a SOI substrate containing Si(1.8 m)/SiO2 0.2 m/Si.
The Au labeling technique was then used to profile the ex-
cess defects. Besides Au trapping in the well-characterized
excess vacancy-type defect region in the top Si region (VSiex),
additional Au trapping was observed at the frontside of the
buried Si/SiO2 interface. The nature of defects resulting in
this trapping was investigated by additional low-energy Si
implants. Following the low-energy Si implant and annealing
at 760 °C for 1020 s, Au labeling showed a linear decrease in
the amount of trapped Au with Si interstitial dose. The ratio
of the number of Si atoms injected to the reduction in num-
ber of Au atoms trapped, k lnt, was 1.160.35. TEM mea-
surements did not show the presence of any extended
interstitial-type defects. Therefore, the decrease in trapped
Au with increasing number of low-energy Si atoms, the close
correspondence of the k lnt to k(1.20.2), and the lack of
evidence of extended interstitial defects, clearly proved that
the defects at the frontside of the buried interface were va-
cancy type. The concentration of the V lnt
ex was found to in-
crease linearly with increasing HEI dose with a slope similar
to that of the VSi
ex suggesting that a similar damage produc-
tion mechanism is involved at the interface.
Monte Carlo simulations of 2 MeV Si implantation into
a Si(1.5)/SiO2(0.2 m)/Si heterostructure confirmed the ex-
istence of excess vacancy-type defects at the frontside of the
buried interface. Further simulations were performed on
structures of type Si(1.0 m)/X(0.2 m)/Si using 2 MeV
Si, and varying the mass of X from that of 12–73 amu. The
mass of X was found to be a very important parameter in the
concentration of the excess defects at the front interface. A
change in sign of the excess defect from V to I type at the
front interface occurred for a mass of 61 amu or greater,
when the defects were treated as interstitial type. This tran-
sition shifted to lower mass 51 amu when the impurity
atoms from the buried layer were treated as substitutional-
type defects.
The experimental results and Monte Carlo simulations
suggest that it may be possible to control the sign of the
defect at buried interfaces. This may be an important effect
considering the fact that point defects and their clusters at the
interface can be used to tailor the strain of the overlayer. For
instance, consider the presence of vacancy clusters near the
front interface of a Si/X/Si heterostructure, wherein the top
Si layer is sufficiently thin. In this case, a thin overlayer of Si
can be subject to slightly larger compressive stresses, simply
because of the additional available volume provided by the
clusters. The sign of the applied stress can be reversed if
instead of vacancies, an excess of interstitials existed at the
interface. In other words, it is possible to envision tailoring
the overlayer to accommodate an appropriate stress simply
by choosing the right combination of the buried layer mass
and implant parameter.
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